Abstract L-Carnitine plays a key role in the regulation of energy metabolism and growth in fish. The aim of this study was to determine the effects of dietary L-carnitine levels on carnitine homeostasis and energy metabolism in diploid and triploid trout (Oncorhynchus mykiss). Diploid and triploid trout (29.5 ± 0.6 and 31.8 ± 0.5 g, respectively) were fed with three diets supplemented with 15, 200 or 530 mg L-carnitine/kg, respectively, for 56 days. Compared to 15 mg L-carnitine, total carnitine content increased in the liver by 182% in diploid and by 154% in triploid trout fed 530 mg L-carnitine. In muscle, total carnitine content increased by 60 and 73% in diploid and by 34 and 75% in triploid with the increase in dietary L-carnitine levels. L-Carnitine caused no significant change in the plasma concentrations of metabolites like proteins (ammonia, urea and protein), lipid (triglycerides), carbohydrate (glucose, lactate) and enzyme activities (lipase, lactate, alanine transaminase, lactic acid dehydrogenase). Triploid trout had significantly lower plasma ammonia (P = 0.003), lipase (P = 0.005) and triiodothyronine (T 3 ; P = 0.003) levels than diploid trout. In conclusion, ploidy significantly affected the energy metabolism in rainbow trout, dietary L-carnitine levels altered the L-carnitine homeostasis, but not influence nutritional metabolism.
Introduction
During the past three decades, aquaculture production has increased steadily, an average of 9% year, reaching a staggering 60 million tones (excluding aquatic plants and non-food products) in 2010 (FAO 2012) . Fish meal and fish oil derived from wild catches are dominant ingredients in aqua feed. It is estimated, at the present annual growth rates, that fishmeal supplies will be entirely consumed by the aquaculture sector by 2025. Plant protein ingredients have increasingly been used in diets of aquaculture species (Glencross Booth and Allan 2007) , including carnivore marine species (Oliva-Teles and Gonçalves 2001; Colburn et al. 2012) , is crucial the reduction of aquaculture farming dependent on fish meal. The replacement of fish meal may trigger, however, specific deficiency symptoms, including L-carnitine deficiency. Fishmeal may contain 10-20 times more L-carnitine than plant-based feeds (Ozório et al. 2001 ). L-Carnitine, a multi-physiological and bioactive vitamin-like nutrient, plays an important role in cellular nutritional metabolic status, including the regulation of fish energy metabolism and growth (Harpaz 2005; Mohseni et al. 2008) . Fish fed high-fat diets supplemented with 600 mg L-carnitine showed a reduction in plasma glucose and lactate dehydrogenase (LDH) (Ozório et al. 2003) suggesting an inhibitory effect on pyruvate dehydrogenase complex (PDH), the key rate-limiting step in carbohydrate oxidation (Randle 1998; Rasmussen and Wolfe 1999) or enhancement of glucose flux toward lipogenesis. A decrease in LDH levels may also indicate an increase protection of L-carnitine against oxidative stress (Ronca et al. 1992) .
According to Rasmussen and Wolfe (1999) growth is impaired when a dietary L-carnitine level is limited. In fish, an increase in energy demand is followed by the increase in lipid metabolism and body L-carnitine turnover (Ozório et al. 2001) . Carnitine reserves are mainly replenished by the diet since carnitine biosynthesis is not sufficient, especially in very young animals (Harpaz 2005) . Ozório et al. (2008) observed an improvement in survival, cell viability and ventilation frequency of turbot Psetta maxima L. juveniles fed Lcarnitine supplements following acute exposure to toxic ammonia levels and to pathogen agent (S. parauberis). In case of fishmeal replacement, body L-carnitine reserves may become limited, thus dietary supplementation is required.
In salmonid production, sterile triploids have been increasingly used. After the onset of sexual maturation, triploid fish often grow faster and have better flesh quality than their diploid counterparts. In addition, triploid fish may display greater hypertrophic growth and reduced energy costs for gamete production (Thorgaard 1986; Qin et al. 1998; Oppedal et al. 2003; Maxime 2008) . Moreover, its use in aquaculture may minimize the risks of genetic losses from wild populations (O'Flynn et al. 1997; Benfey 1999; Atkins and Benfey 2008) .
The comparative results between diploid and triploid fish are often contradictory (Ihssen et al. 1990; Galbreath et al. 1994; Li et al. 2017) . The general consensus is that the survival and growth are substantially lower in the early life stages in triploids compared to diploids (Thorgaard 1986; Sutterlin et al. 1987; Malison et al. 1993; Withler et al. 1995) . In addition, triploids appear to be less resilient and less tolerant to poor water quality than their diploid counterpart (Benfey 1999; Benfey and Biron 2000; Altimiras et al. 2002; Segato et al. 2006; Atkins and Benfey 2008; Maxime 2008) .
The aim of this study was to assess the effects of dietary L-carnitine levels on energy metabolism in diploid and triploid rainbow trout (Oncorhynchus mykiss).
Materials and methods

Fish and husbandry conditions
The current study is an extension of a published study (Ozório et al. 2012) in which the results of growth performance and body composition has been presented. The growth trial was carried out in accordance with European Directive 86/609/UE by a certified researchers under National and International animal welfare laws, according to the FELASA requirements (level C).
Two groups of 5-month-old rainbow trout were used, one of all-female diploid trout (initial weight 29.5 ± 0.6 g) and another of triploid trout (initial weight 31.8 ± 0.5 g). Fish were outbred siblings and had identical nutritional and husbandry history and were kept in standard culture conditions at a density of 15-20 kg/m 3 . After an acclimatization period of 2 weeks, 612 rainbow trout were individually weighed and randomly distributed in 18 fiberglass tanks of 50 L. The water supply system consisted of a closed circuit (TMC-5000, TMC Iberia, Lisbon, Portugal), which included mechanical and biological filtration, a skimmer, an ultraviolet sterilization unit and a refrigerator. The water quality parameters such as temperature (16.9 ± 0.5°C), pH (7.3 ± 0.1) dissolved oxygen (8.0 ± 0.4 mg/L), ammonia (0.6 ± 0.8 mg/L) and nitrite (1.2 ± 0.5 mg/L) were checked on a daily basis. Photoperiod (12 h L/12 h D) and light intensity (200 Lux) was kept constant.
Diets, sampling and experimental design
The experimental diets were formulated to contain three dietary L-carnitine levels (15, 200 or 530 mg/kg diet) ( Table 1 ) and fed in triplicate to diploid and triploid trout groups for a period of 56 days. All diets were isoproteic (44% crude protein) and isocaloric (20 MJ/kg) and had identical formulation, except for L-carnitine content. Since the concentration of 200 mg L-carnitine per kilogram diet is the generally obtained in commercial aquafeed, the low L-carnitine level (15 mg/kg diet) was possible using several plant protein ingredients know to have very low levels or deficient in L-carnitine in replacement of animal ingredients, rich in L-carnitine. The 530 mg L-carnitine concentration was selected based on previous studies, which have showed that L-carnitine improved performance until a dietary level of 600 mg/kg, with best performance around 500 mg L-carnitine/kg diet (Ozório 2001; Ozório et al. 2001 Ozório et al. , 2012 . Fish were fed twice daily (10:00 and 15:00 h), to apparent satiation. At the end of the trial all fish were starved for 24 h prior to sampling. Before sampling, fish were euthanized by an overdose bath of 0.4 mL ethylene-glycol-monophenol-ether/L water (Merck, Darmstadt, Germany). A total of 12 fish per group were sampled for muscle, liver and blood plasma analyses. The samples collected were stored at -80°C, until further processing.
Growth performance
The results of growth performance parameters are presented solely in the text of the Result section. For detailed information about the growth performance, see Ozório et al. (2012) . The voluntary feed intake (VFI), feed conversion ratio (FCR) and growth rate (daily growth index, DGI) was calculated as follows:
VFI (%BW/day) ¼ feed ð100Þ ðfeed intake/average body weight (ABW)/(tÞÞ ½ where ABW ¼ ðinitial body þ final body weightÞ=2:
FCR (g/g) ¼ total dry feed intake (g)/total wet weight gain (g):
where FBW -final body weight; IBW -initial body weight and t -trial duration:
Carnitine analyses Diets, liver, and muscle tissues were analyzed for the free-and acyl L-carnitine content. All samples, prior to Lcarnitine analysis, were deproteinated with perchloric acid, subsequently neutralized with potassium hydroxide, centrifuged and the supernatant collected. L-Carnitine was extracted by stepwise heating, ultrasonic treatment or extraction with various detergents. Additionally, alkaline hydrolysis was performed for the determination of L-carnitine esters. The L-carnitine determination in diets and tissues was performed by radiometric detection of free and L-carnitine esters. The assay is based on the reaction of free L-carnitine with acetyl-CoA catalyzed by carnitine acetyltransferase with the production of acetyl carnitine and coenzyme (Christiansen and Bremer 1978) .
Plasma analyses
Blood was collected by caudal puncture with lithium-heparin coated syringes. Blood was immediately centrifuged (10 min at 1500 g at 4°C) and plasma stored at -80°C until subsequent analysis. All plasma tests were performed in triplicate. Plasma cortisol (ng/mL) was quantified by Radioimmunoassay (RIA) technique, using commercial kits (Cortisol Coat-A-Count, DPC, Los Angeles, CA, USA) validated for salmonids.
The total ammonia concentration in plasma was determined using the method described by Bergmeyer and Beutler (1983) and plasma osmotic pressure (mOsm) was determined with an osmometer (model 15-Löser Messtechnik, Berlin, Germany). Plasma glucose concentrations were measured by the glucose oxidase method using a Beckman glucose analyzer 2 (Beckman Instruments, Brea, CA, USA).
Urea was quantified colourimetrically with the Glutamate dehydrogenase (GLDH) enzymatic method. Lipase was quantified colourimetrically with an enzymatic method using 1,2-0-dilauryl-rac-glycero-3-glutaric acid-(6 0 -methyl resorufin)-ester as subtracting. Alanine aminotransferase (ALT) was quantified by an enzymatic method in accordance with IFCC. Lactate dehydrogenase (LDH) was quantified by an enzymatic method in accordance with IFCC. Lactate was quantified colourimetrically with the lactate oxidase/peroxidase enzymatic method and protein was quantified colourimetrically with the biuret method. Triglyceride was quantified colourimetrically with the glycerol phosphate oxidase/peroxidase enzymatic method. All the methods were executed in a Roche Cobas Integra 800 Chemistry Analyser (Roche Ò Sistemas de Diagnóstico, Amadora, Portugal), with Roche reagents. Triiodothyronine (T3) and thyroxine (T4) were quantified by electrochemiluminescence immunoassays in a Roche Cobas e 411 Analyser (Roche Ò Sistemas de Diagnóstico, Amadora, Portugal), with Roche reagents.
Statistical analyses
All data were tested for normality using Kolmogorov-Smirnov and Levene tests and analyzed using two-way analyses of variance (ANOVA). The model included the effect of ploidy (two levels) and dietary L-carnitine (three levels) and their interaction. Data were analyzed using the General Linear Model procedure (SAS Institute Inc., Cary, NC, USA). The results (mean ± standard deviation) are reported as significant at P \ 0.05.
Results
Voluntary feed intake (VFI: 1.77-1.99% BW/day) was significantly affected by ploidy and L-carnitine levels (P \ 0.001). Feed conversion ratio (FCR: 0.95-1.07 g/g) was significantly affect by dietary L-carnitine levels (P \ 0.05). Growth rate (2.52-2.65% BW/day) was not affected by diet or ploidy.
The concentration of L-carnitine fractions (free and acyl L-carnitine) significantly increased in muscle and liver ( Fig. 1) with the dietary L-carnitine intake (Fig. 2) . Muscle acyl L-carnitine content of fish fed 15, 200 and 530 mg L-carnitine was significantly higher (P = 0.003) in triploid (19.4, 26.6 and 33.6 mg/kg) than in diploid trout (15.6, 25.3 and 26.5 mg/kg). Free carnitine content was significantly higher than acyl L-carnitine content in both muscle and liver tissues.
Ploidy and L-carnitine supplementation did not affect plasma glucose, urea, protein, and triglyceride levels ( Table 2) . Diploid trout fed 200 and 530 mg L-carnitine had the highest (513 ± 67.78 U/L) and the lowest LDH levels (404.0 ± 10.0 U/L), respectively. Triploid fish had significantly lower plasma ammonia (P = 0.003), lipase (P = 0.005) and triiodothyronine (T 3 , P = 0.003) levels than diploid trout. Trout fed 200 mg L-carnitine had the lowest ammonia (8.89 ± 0.64 lg/mL) and T 3 (1.84 ± 0.31 ng/mL) levels, while trout fed 530 mg L-carnitine had the lowest lipase level (2.80 ± 0.51 U/L). Plasma cortisol ranged from 4.8 ± 1.6 to 7.8 ± 3.3 ng/mL and was not significantly affected by the different treatments. Plasma osmolality was significantly affected by ploidy (P = 0.008), with triploid trout having lower osmolality (298.2 ± 7.1 mOsm) than diploid trout (303.5 ± 3.3 mOsm).
Discussion
L-Carnitine supplementation improved growth performance when fed to fish larvae and early juvenile fish species (Santulli and D'Amello 1986; Torreele et al. 1993; Chatzifotis et al. 1995; Keshavanath and Renuka 1998) . In studies with larger animals, the positive effects of L-carnitine become less evident, as confirmed by Chatzifotis et al. (1996) . In the current study using juveniles, with exception of FCR, L-carnitine supplementation did not improve growth performance. The ambiguity among many dose-response studies on Lcarnitine may be caused by different L-carnitine concentrations, the husbandry conditions or the duration of the dietary treatment (Ozório et al. 2012) .
The carnitine pool in animals is maintained by a combination of absorption of carnitine from supplemental sources, a modest rate of biosynthesis, and an efficient reabsorption of carnitine (Rebouche and Seim 1998) . The body distribution of carnitine is determined by a series of systems that transport carnitine into cells against a concentration gradient. The liver plays a unique role in the whole-body carnitine homeostasis. The liver transport system has a higher affinity for butyrobetaine (K m & 0.5 mM) (Christiansen and Bremer 1978; Kerner and Hoppel 1998) than for carnitine (K m & 5.0 mM), this high affinity for butyrobetaine favors its transport into the liver and the efflux system acyl L-carnitine over L-carnitine (Hokland 1988 ).
Free and acyl L-carnitine content increased with the dietary L-carnitine supplementation, whereas higher levels were observed in muscle than in liver, indicating a direct relationship between the dietary and body Lcarnitine. The muscle may store a large amount of L-carnitine against a concentration gradient by an active transport process, which could be to ensure an immediate and efficient energy for the muscle during exercise and recovery. Ozório et al. (2001) working with African catfish Clarias gariepinus observed that the muscle Lcarnitine concentration was about 12 times higher than plasma L-carnitine. The L-carnitine concentration gradient was even more pronounced between muscle and liver tissues (Ozório et al. 2001) . The ability to take up and retain dietary carnitine was observed in other species, such as Atlantic salmon Salmo salar L. (Ji et al. 1996) , red seabream Pagrus major (Chatzifotis and Takeuchi 1997) , rabbits (Bell et al. 1992) , piglets (Böhles et al. 1984) , rats (Tsai et al. 1974) , among other species (Li et al. 2017) .
The increase in the acyl L-carnitine fraction in fish tissues may indicate an increase in lipid catabolism and that the diet quality and quantity may affect the body L-carnitine level. These results are consistent with the study described by Ozório et al. (2001) , which demonstrated that the concentration of L-carnitine in muscle differs between fish fed with low and high L-carnitine levels. In fact, muscle L-carnitine levels increased moderately when African catfish were fed between 40 and 600 mg L-carnitine. Thereafter, a sharp increase in muscle L-carnitine level was observed. The latter suggests that L-carnitine requirement in catfish, under a normal physiological condition, would be below 600 mg/kg diet.
In the current study, the ploidy affected the acyl L-carnitine content in muscle, with higher values observed in triploid fish. This could indicate that triploid trout have higher L-carnitine requirement than diploid fish. In fact, triploid fish have a lower respiratory efficiency and are more susceptible to stress than diploid fish. Triploid fish have fewer red blood cells which probably affect the exchange of oxygen and decrease the ability to transport oxygen in the blood (Benfey 1999; Benfey and Biron 2000; Tiwary and Ray 2004) and, therefore, spend more energy to maintain internal balance than their diploid counterpart, possibly mobilizing more body L-carnitine for energy production. Plasma lipase was higher in diploid fish and is in agreement with the slight increase in plasma triglyceride. Lipase is the rate-limiting enzyme for the hydrolysis of triglyceride in plasma (Albalat et al. 2006) .
Plasma cortisol levels were similar to the basal levels observed for this species (\ 20 ng/mL) (Taylor et al. 2007) , with no effect of diet and ploidy. In the current study, triploid trout had lower plasma ammonia concentrations, which may reflect on a higher capacity to excrete ammonia than diploid trout. Considering that ammonia excretion rates are linked to acid-base regulation (Kieffer and Tufts 1996) , triploid rainbow trout may have a greater clearance capacity of metabolic protons. This would allow for faster recovery from acidosis and energy (ATP) depletion after exercise, which is often the case during handling stress. A faster recovery of the blood acid-base status may also reflect a faster recovery of ion and osmoregulatory imbalance, which was also shown by the significant differences in plasma osmolality between triploid and diploid trout. Plasma triiodothyronine hormone (T 3 ) was significantly higher in diploid than triploid trout, as well as the feed intake (VFI). Feed intake, quality and quantity, is known to influence thyroid hormone levels in rainbow trout (Leatherland et al. 1977; Himick et al. 1991) . Thyroid hormones interact closely with the energy metabolism, with T 3 playing a role in the regulation of growth and nutrient partitioning in teleosts (Peter and Marchant 1995; Korytko and Cuttler 1997) .
In the current study triploid trout had lower plasma LDH level. As mentioned earlier, triploid fish have lower oxygen transport ability, which may explain their lower activity when compared to diploid trout. According to Sullivan and Somero (1980) , fish with different locomotors activity would have different LDH Carni ne intake (mg/f sh) ti i Fig. 2 Comparison of total L-carnitine intake (mg/fish) between diploid and triploid rainbow trout Table 2 Comparison of plasma parameters (mean ± SD) of diploid and triploid rainbow trout fed with three different L-carnitine levels, P values of are indicated in the case of significant carnitine, P 9 C interaction effect activity to compensate for the amount of lactate produced. Wardle (1978) reported lower lactate ion concentration in flatfish than in rainbow trout.
Conclusion
Although a multitude of questions concerning the regulation of dietary carnitine requirements remain to be elucidated, our study suggested that ploidy significantly affected the energy metabolism, whereas dietary Lcarnitine levels altered the carnitine homeostasis, but did not influence energy metabolism in diploid and triploid rainbow trout.
